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Abstract 
Biofuels stand at the forefront of the United States’ energy independence efforts and are 
the renewable fuels most likely to be used to bridge the growing gap between fossil fuel’s cost 
effective availability and America’s needs.   With a known domestic commercial production 
capability, many economic, environmental, and geo-political benefits, and an ability to be used 
in our current transportation infrastructure biodiesel has emerged as the most credible near term 
alternative energy fuel.  
The Senior Honors Project described herein in many ways has been an exercise in applied 
research. Although at first the project focused on the chemical evaluation of reactants and 
products involved in biodiesel production efforts, it eventually turned to applying the knowledge 
gained, by in depth review and those chemical evaluations, into concrete suggestions for 
protocols, procedures and inventions that might improve some of the nation’s biodiesel 
production and testing effort. 
To be widely accepted and commercially effective biodiesel must be processed to meet 
certain known standards published by the American Society for Testing and Materials [ASTM].  
An ultimate goal of the research of this Honors Thesis is the establishment at James Madison 
University, and in accordance with ASTM standards, of an ability to efficiently utilize gas 
chromatography and specific analysis column to test for glycerin and other reactants in the 
production of biodiesel. A more immediate goal of the research is to create and demonstrate an 
ability to perform to ASTM standards the most pertinent of the required small batch biodiesel 
tests. The ability to improve the reactions involved in the ASTM testing methodology and/or the 
protocols and procedures acceptable to meet ASTM standards could have great impact on 
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biodiesel production in general and small batch bio-fuel operations such as James Madison 
University’s [JMU] specifically.  
After a thorough campus and laboratory inventory was performed, an equipment review 
was accomplished and a methodology agreement reached. Following an exhaustive literature and 
JMU project review the necessary laboratory equipment, chemicals, and reactants were identified 
and assembled. The equipment repair-laboratory assembly process is ongoing. Laboratory 
protocols and baselines were established and trial experiments were performed to help establish 
laboratory standards. Acceptable biodiesel samples were obtained and established experimental 
protocols are currently being performed in the hope of obtaining repeatable results. 
New protocols and processes have been offered to test for biodiesel and an invention to 
improve the transesterfication reaction has been proposed. More specifically, the author has 
proposed the invention of a solid-state, heterogeneous  catalyst, embedded onto a static mixer, to 
improve the necessary biodiesel transesterfication reaction, and not currently ASTM-approved 
biofuel production and quality testing procedures. A catalyst such as proposed, possibly working 
in even non-critical laboratory environments, could effectively and efficiently improve the 
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I.     Introduction 
A. Overview of Energy and Transportation 
Human beings have become dependent upon energy to help them perform work. In a 
broad sense energy could be defined as the potential that allows movement or the modification of 
any matter [including human].1 Energy sources [e.g. oil, coal, bio-fuels] each have an energy 
content that can be expressed in energy per unit of volume or mass and it is only with the 
effective extraction of energy from each primary source that its use to perform work can be 
obtained.2 Total world energy reserves are huge but are often not cost effective to exploit, for 
example solar and wind energy, or are not distributed near the location of need as is often the 
case for oil.3 Historically, utility factors such as location, transferability, energy content, 
reliability, storability, flexibility, safety, price and cleanliness have frequently determined the 
choice of energy source.4  
Machines have been used to perform work since the industrial revolution and with 
machines came energy and fuel demands.5 At first factories to perform work were located near 
energy sources [e.g. waterfalls and coal mines] but with the development of engines, first steam 
[see Figure 1] and then combustion6 and the ability to generate and distribute power in the form 
of electricity over great distances, location became more flexible. 7 The development and 
commercialization of the internal combustion engine, and particularly its use in transportation 
systems, made the efficient movement of people and goods possible, and this in turn led to the 
creation of our global trade network.8  Continued industrial development and the use of 
combustion engines have also placed huge demands on fossil fuel.9 Fossil fuel is a general term 
used to describe buried combustible geologic deposits of organic materials that are formed by the 
death and decay of plants and animals and that have been converted to coal, crude oil, heavy oils, 
	  
	   11	  
or natural gas, by exposure to heat and pressure in the earth's crust over hundreds of millions of 
years. Fossil fuels today account for almost 90% of the United States’ total energy consumption 
and for over 98% of the United States’ transportation energy use.10  
 
                                  
Figure 1. 1712 Illustration of Thomas Newcomen's Steam Engine 
	  
In 1712, Thomas Newcomen together with John Calley built their first steam engine on top of a 
water filled mineshaft and used it to pump water out of the mine. The Newcomen steam engine 
was the predecessor to the Watt steam engine and it was one of the most interesting pieces of 
technology developed during the 1700's. The invention of engines, the first being steam engines, 
was very important to the industrial revolution 
 
The scope of human activity and the level of a nation’s economic development are well 
correlated to its energy consumption.11 The more energy used, the greater the amount of work 
realized, and the more a society can advance. Work related to human activity can broadly be 
thought of in terms of modifying of the environment (for example making space suitable for 
human activity), appropriating resources (for example agricultural or mineral collection and 
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waste disposal), resource processing (for example of biomass, materials or produced goods), and 
transfer (for example of freight, people, and information).12  
Transportation on land, sea and air, made possible by the internal combustion engine, 
notably gas turbines and diesel engines, has accounted for an ever increasing share of total 
energy demand and in advanced countries now accounts for between 20 and 25% of total energy 
use13. Transportation accounted for about 27% of total energy demand in the United States in 
2009 (see Figure 2).14 
 
Figure 2.  Estimated U.S. Energy Use in 2009 
 
Transportation accounted for approximately 27% of U.S. energy use in 2009 
 
Transportation worldwide is almost completely dependent upon petroleum-derived fuels 
[>90%]15 and the growth in world oil and petroleum demand has been almost completely a result 
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of growth in the demand for transportation.16 Since 2004 transportation has accounted for more 
than 70% of U.S. petroleum use (see Figure 3).17  
                 
Figure 3. Annual Energy Review: U.S. Energy Demand 
By 2004, more than 70% of all oil used in the U.S. is used for transportation.  
 
 
In 2006, the overwhelming bulk of US petroleum consumption was for motor gasoline 
and other vehicle fuels (see Figure 4).  
                                  
Figure 4. U.S. Petroleum Consumption in 2006 
By 2006 vehicle fuels dominated U.S. petroleum use.  
	  
	   14	  
B. Fossil Fules 
1. Transportation 
Petroleum derived fuels came to dominate the transportation sector as a result of their low 
cost, ease of storability, transportability, and the efficiency of their use in internal combustion 
engine vehicles.18 The U.S. was for many years self-sufficient in oil, but began importing more 
oil than it produced in 1994 (see Figure 5). By 2008, 57 percent [57%] of the oil consumed in the 
U.S. was imported from foreign countries (see Figure 6). The top five source nations for net 
petroleum and petroleum product imports to the U.S. in 2008 were Canada, Saudi Arabia, 
Mexico, Venezuela, and Nigeria.19  
 
                                     
 
Figure 5. U.S. Oil Production and Imports 
By 1994 the U.S. imported more oil than it produced. 
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Figure 6. Net Imports and Domestic Petroleum as Shares of U.S. Demand 
By 2008 the U.S. imported almost 60% of its petroleum.      
With a rising world population and increasing demand from China and other developing 
nations, current producers may not have the ability to produce, from proven reserves and on a 
daily basis, the increasing oil that the world almost certainly will require.20 Also, there are 
geological limits to the output capabilities of current oil production fields, and even if new ones 
are found to add to, or replace, the current ones this may not be done in a timely or economical 
manner.21  
A great amount of current oil reserves are located in unstable areas of the world including 
the Middle East, Nigeria, Venezuela and Russia,22 and it is by no means certain that they will be 
available in times of conflict or competition. As the U.S. Department of Defense as a whole, and 
the United States Navy specifically, are the two largest users of energy on earth 23 the 
unfavorable location of much of the world’s oil could compromise them going forward.   
The United States uses far more petroleum than any other country and its’ dependence on 
oil based fuels continues to increase (see Figure 7).24   
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Figure 7. Oil Consumption By Country 
U.S. and China petroleum use dwarfs all other countries. 
 The world’s oil reserves are huge if not always easily accessible and it is important to 
note that even with the rapid growth of global demand for petroleum products, it is estimated that 
less than half the world’s total conventional oil reserves will have been actually exhausted by 
2025.25  This estimate includes existing oil reserves and anticipated reserves resulting from new 
technologies and discoveries, but it is a fact nonetheless that the world’s oil reserves have 
steadily increased even as consumption has also been rising.26  
  Given this reserve/consumption track record, and that as technology advances net proven 
recoverable reserves and production will also likely increase, and recognizing that the history of 
oil production is filled with cycles of surplus and shortage 27 it is impossible to say exactly how 
long conventional non-renewable fossil fuels will continue to be the primary energy source for 
the world’s transportation needs. However, the gap between supply and demand has been 
steadily narrowing and it is possible that global and U.S. production from acceptable, proven, 
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conventional sources has “peaked.” 28  It is the gap that may create the world’s main energy 
issues going forward.29  
Restating, the U.S. far exceeds any other country in oil consumption and currently 
consumes 25% of the amount of oil that the world as a whole is consuming. The U.S. consumes 
more oil than its two closest competitors, Japan and China, and it continues to grow its oil 
consumption. The graph in Figure 8 demonstrates this enormous oil consumption as it occurred 
in 2004.  
                         
Figure 8. Petroleum Consumption Per Day 
In 2004, the U.S. consumed more oil than the next 20 oil-consuming countries combined. 
By 2004 the U.S. consumed more petroleum per day than the next 20 oil-                      
consuming countries combined, and while the data has changed somewhat since 2004 and now 
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would reflect the recent rapid growth of China and India, the issue of extremely high per/day 
U.S. oil consumption remains.30  
With a highly mobile society, enormous dependence on imported oil, and an advanced 
petroleum based transport system the United States has been and is extremely vulnerable to 
energy disruption.31 As we can see in Figure 9, past oil import disruption and past rapid oil price 
escalation has had known negative economic effect on the United States’ economy as measured 
by its Gross Domestic Product [GDP]. GDP refers to the market value of all officially recognized 
final goods and services produced within a country in a given period and GDP per capita is often 
considered an indicator of a country's standard of living.32  
 
Figure 9. Annual Growth Rate and Oil Price 
In its Transportation Energy Book of 2011, the Department of Energy indicated that major oil 
price shocks have disrupted world energy markets five times in the past 30 years (1973-74, 1979-
80, 1990-91, 1999-2000, 2008).  An economic recession in the U.S. followed most of these “price 
shocks.”  
 
With the world’s current transportation systems now more than 90% dependent on global fossil 
oil reserves, and those same oil reserves currently vital to supplying much of the world’s other 
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energy needs,33 the production and distribution of virtually all goods on earth is at this time 
highly dependent on global fossil oil reserves. Although there is conflicting data,34 credible 
studies indicate that with sustained consumption,35 at some [likely soon] point in time, these 
fossil oil reserves will become depleted or in some way insufficient to meet desired world energy 
needs.36 If and when that point does arrive, the global economy will be altered forever and there 
will be profound effects in the United States.37 Competition and conflict for energy resources 
have routinely occurred in the past and are likely to occur in the future.38 As the United States 
currently is more dependent on liquid fossil fuel energy than any other nation in the world39, it is 
imperative that it has a strategy to effectively manage the almost inevitable coming disruption to 
its energy supply and crucial transportation systems.  The rapid development of the biodiesel 
industry may be such a strategy. 
 
2. Reserves and Consumption 
To further understand the global energy situation one must consider multiple complex 
issues and be willing to recognize that the statistical, environmental, geo-political, security, and 
scientific “facts” that could help to solidify an understanding of “energy” matters, are more or 
less constantly in flux.40  
  A key energy concept that needs to be understood is the ever-changing relationship 
between various fossil energy reserves  and fossil energy consumption.  While the United States 
has more total proven fossil fuel [i.e. coal, natural gas, oil] energy reserves, as calculated in 
MMBTUs, than any other country in the world, approximately sixty-five percent [65%] of the 
world’s proven oil reserves are concentrated in the Middle East (see Figure 10).41 
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Figure 10. Global Fossil Fuel Energy Reserves 
As calculated form BPs 2010 Review of Global Fossil Energy the United States has more known 
and recoverable fossil fuel reserves than any other nation. 
 
It is from fossil oil reserves that the world’s petroleum is produced. In 2010, despite 
using much more, the U.S. was responsible for 9.1% of the world’s petroleum production and 
7.5% of the world’s crude oil production.42 The United States has for many years consumed 
much more oil than it has produced and by 2004 it consumed over 50% of the worlds’ oil, as 
demonstrated in Figure 11. 
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Figure 11. World Oil Consumption in 2004 
For many years, the U.S. consumed about one half of the worlds’ oil production. 
 While the United States likely still consumes more total energy, as calculated in 
MMBTUs, than any other nation, China’s energy use has rapidly increased and by the time of 
this reading it might well have surpassed the United States. 43 The two nations, in any case, 
consume most of the worlds’ energy production (see Figure 12). 
                            
Figure 12. Global Energy Consumption in 2010 
The U.S. and China far surpass all other nations in fossil fuel consumption. 
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 Energy use per capita correlates well with human economic activity and, as we can see in 
Figure 13, only Canada and Saudi Arabia consume more energy than does the United States on a 
per capita basis.44.  
 
Figure	  13.	  Top	  20	  Energy	  Consuming	  Countries:	  Consumption	  per	  Capita	  
Energy Per Capita can be used to measure human economic activity 
Estimates of current proven reserves [i.e. supply] and consumption [i.e. demand] are 
constantly being revised as new data is collected for analysis. The rise in energy consumption 
and therefore demand by China and other countries, principally India, can be seen by comparing 
data such as British Petroleum’s in Figure 12 to earlier similar information.45 The rise can also be 
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Figure 14. World Liquid Fuels Consumption 
 
Liquid fuel use is a way to demonstrate a rise in fossil fuel demand, energy consumption, and 
economic growth 
 
The CIA’s 2009 Ranking Table of proven oil reserves47 has agreed with that of BP’s for 
more than a decade and documents that the United States has not been in domestic control of its 
oil needs a considerable period of time (see Figure 15).  
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Figure 15. Proven World Oil Reserve 
World oil reserves a decade ago (2002) help document the prolonged U.S. dependence on 
foreign sourced oil. 
 
Given the importance of oil derived fuel to U.S. and world transportation systems and the 
distinct possibility that global oil reserves will at some point rapidly deplete or become 
unavailable,49 Lawrence Livermore National Laboratory compiled a detailed view of United 
States energy consumption from numerous data sources as well as a predictive model. The 
graphs generated from this data, as seen in Figures 2 and 16 demonstrate that the United States’ 
energy needs are predicted to approximately double between now and 2050 while its’ 
dependence on liquid fuels is not expected to appreciably diminish.  
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Figure 16. Estimated U.S. Energy Use in 2050. 
United States energy needs are expected to double by 2050, but we are expected to still be 
dependent on liquid transportation fuels at that date. 
      
To summarize fossil fuel supply and demand, the current United States oil situation 
simply seems unsustainable;51 barring major technological and environmental advances, “Peak 
Oil” production in the United States has possibly already occurred; while America has large 
amounts of proven reserves[R],52 and increasing production capabilities [P],53 a thorough review 
of our Reserve/Production ratio [R/P] illustrates not only how quickly we can use up our own oil, 
but also how dependent the ratio is on oil imports; the United States is no longer in control of its 
energy needs; world fuel consumption which has shifted over the years, has been changing even 
more rapidly recently; there is now a very tight market for oil globally and even a small change 
in oil supply can have dramatic marketplace effects; the security implications of a rapid depletion 
	  
	   26	  
of the world oil supply becomes even more clear when one considers history; and  that the 
United States military is the world’s largest consumer of liquid fuel [currently overwhelmingly 
produced from fossil fuel sources].54 The United States currently uses petroleum more than any 
other fuel for energy and at least 2/3 of this petroleum is used in transportation. Also, in 2008 
this amounted to 37% of the total energy we consumed on a daily basis or about 19.5 million 
barrels/day and that today we consume even more oil. Sadly, net imports and domestic petroleum 
as shares of United States data demand show that the United States’ dependence on Middle 
Eastern oil has actually increased since the 1973 Arab oil embargo when we were importing only 
35% of our oil. In fact looking at US oil production and imports over the past 90 years one can 
see that US production may well have peaked around 1970 and that by 2008 the United States 
was importing some 65% of the oil needed for refined products.55 
 
3. Emerging Fossil Fuels 
Besides the known and proven world fossil oil reserves available to meet the world’s 
transportation need, there are also a number of so-called “unproven” or “emerging” fossil energy 
reserves that might be usable. Those with potentially large enough reserves to fill the enormous 
need that will be created should current oil supplies rapidly become unavailable include coal, 
natural gas, “heavy” oil, tar sand oils, oil shale, and even methane hydrates. Each of these has its 
own environmental and social challenges to overcome and none is yet compatible with the 
existing transportation infrastructure.56 
 
4. Pollution 
Unfortunately, with combustion comes pollution. Pollutants that are created and must be 
dealt with include carbon dioxide (CO2) produced (along with water) when combusting a carbon 
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fuel, carbon monoxide (CO) produced by incomplete combustion (not enough oxygen or low 
temperature), oxides of nitrogen (NOX) produced in internal combustion engines by heat and 
pressure, , oxides of sulfur (SOX) as all fossil fuels, in particular diesel and coal, contain sulfur, 
hydrocarbons (HC) or volatile organic compounds (VOCs) in unburned petroleum due to an 
incomplete burn, and particulate matter (PM) usually particulate carbon released from the fuels 
and greatly in diesel combustion.57 
C. Biofules 
1. Background and policy 
The development of domestically produced, clean, renewable fuel has been a stated 
strategic policy goal of the United States for a great many years and was codified in 2005 with 
the passage of the 2005 Energy Policy Act.58 In addition to the obvious economic merits for this 
policy there were also a number of security and environmental concerns that were drivers.59   
Understanding the many characteristics of fossil oil depletion as well as the impact the 
depletion will inevitably have on transportation systems, and therefore the standard of living 
within the United States, has been a primary concern for this investigator, as well as the 
development of a credible replacement for those fossil fuels.  
 
 Biofuels as compared to fossil fuels are renewable, efficient and relatively clean burning. 
Biofuels can at this time be divided into two main product lines, those that blend with or replace 
gasoline, and those that blend with or replace middle distillate fuels such as diesel fuel or home 
heating oil .The dominant gasoline replacement today is ethanol and the dominant middle 
distillate replacement is biodiesel.60 
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Renewable biofuels that are compatible with our current transportation infrastructure and 
that can be gradually introduced into our oil-based economy are the ones most likely to be 
produced and to actually help with the United States’ necessary transition to a clean energy 
society. The two most promising renewable near term solutions to the impending fossil oil crisis 
are ethanol and biodiesel. 61As biodiesel and ethanol can be used in existing vehicles and can be 
disbursed through the already existing fuel distribution infrastructure 62 they have huge 
advantages over other renewable fuels such as wind, water, gaseous fuels [i.e. hydrogen] and 
electricity.63 Biodiesel and ethanol also offer potentially beneficial pollution/environmental 
impacts [gas vs. ethanol/ biodiesel vs. diesel] and can be produced domestically64.  
Biofuels are in actuality not a particularly “new” kind of fuel. In fact, biofuels were 
utilized well prior to the use of petroleum-based fuels. Ethanol derived from corn was used to 
power many early automobiles including Henry Ford’s Model-T65 and, the first diesel engine, 
created by Rudolf Diesel in Germany, was actually powered by peanut oil.66  
2. Biomass 
The first fuel ever used was probably what we now call “biomass.” Biomass can be 
defined as renewable, organic, non-fossil material including all plants and animals, and their 
byproducts [such as wood, oil, droppings and fat].67 When biomass is ignited and used as a fuel 
to create light, heat, electricity, or combustion within an engine, it becomes a biofuel. Wood, 
used in a prehistoric fire, was therefore probably both the first fuel and biofuel. Biofuels have 
changed very little over the course of earth’s history with each biofuel used today containing 
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3. Fuels and Engines 
The most significant gains and efficiencies on the energy front have in actuality been 
accomplished by advances in engines and pistons rather than by the discovery of new or unique 
fuel sources. Historically, the development of engines and the evolution of fuels have gone hand 
in hand.69 Fuels, including biofuels, can be differentiated by their ability to be utilized in either 
“spark-ignition” engines or in “compression” engines. Ethanol, for example, is a very good spark 
ignition biofuel and biodiesel, for example, an equally good compression biofuel. The 
differences between how the two engine types function lead to their fuels’ having quite different 
characteristics as well.70 Diesel high compression engines are much more energy efficient than 
their gasoline spark ignition counterparts and therefore have typically been the engine of choice 
when an application has required heavy power use. Trains, trucks, farm and construction 
equipment for example is usually powered by diesel engines. 71 
4. Debates 
The recent race to replace fossil fuels with renewable biofuels has sparked several debates. 
One debate concerns the so-called “Energy Input vs. the Energy Output” equation of biofuels. 
Many people falsely believe that more energy is required to make ethanol and biodiesel than one 
ultimately derives from them when they are utilized; and, although numerous studies have 
demonstrated that this is not true, the debate continues.72  The second large debate generated by 
biofuel development could be called “The Great Fuel vs. Food Debate” in which virtually every 
aspect of different priorities for land utilization strategies are heard.73 In fact there is little for 
Americans to debate in this matter as for them it is not really an “either /or” choice; the vast land 
rich United States can grow plants for both food and fuel.74  
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5. Algae 
Although the use of algae as a biofuel substrate has just recently been made newsworthy, 
JMU has been investigating this possibility for years. The use of algae, rather than land-based 
crops, could eliminate the ongoing fuel vs. food debate and allow many land poor nations to 
become energy rich. The necessary harvesting, commercial processes and infrastructures for 
algae to bring cost effective benefit have not yet developed but some interesting progress has 
been made.75  
 
D.  Biodiesel	  
1.	  Background	  and	  Overview 
Biodiesel is safe and can be used in most diesel engines with little or no modification. 
Although biodiesel can be used in its pure form, it is usually blended with standard diesel fuel. 
Blends are indicated by the abbreviation Bxx, where xx is the percentage of biodiesel in the 
mixture. For example, the most common blend is B20, or 20 percent biodiesel to 80 percent 
standard; B100 refers to pure biodiesel. Biodiesel is not a catchall term. There is also a formal, 
technical definition that is recognized by the American Society for Testing and Materials, the 
organization responsible for providing industry standards. According to the National Biodiesel 
Board [NBB] the technical definition of biodiesel is: A fuel comprised of mono-alkyl esters of 
long chain fatty acids derived from vegetable oils or animal fats, designated B100, and meeting 
the requirements of ASTM D6751. 76 ASTM D6751-11   is the specification that covers biodiesel 
fuel blend stock, B100, in Grades S15 and S500 for use as a blend component with middle 
distillate fuels. This specification prescribes the required properties of diesel fuels at the time and 
place of delivery. The requirements stated may also be applied at other points in the production 
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and distribution system. The  standard states that the biodiesel specified shall be mono-alkyl 
esters of long chain fatty acids derived from vegetable oils and animal fats and shall undergo 
chemical analysis for flash point, methanol, water and sediment, kinematic viscosity, sulfated 
ash, oxidation stability, sulfur, copper strip corrosion, octane number, cloud point, acid number, 
carbon residue, total and free glycerin, phosphorus, reduce pressure distillation temperature, 
atmospheric equivalent temperature, combined calcium and magnesium, and combined sodium 
and magnesium. The Scope of the ASTM Standard as well as the detailed protocol and tests 
included within the ASTM Biodiesel Standard are available to the public. 
Diesel engines and gasoline engines are quite similar. They are both internal combustion 
engines designed to convert the chemical energy available in fuel into mechanical energy. In 
automobiles this mechanical energy moves pistons up and down inside cylinders. The pistons are 
connected to a crankshaft, and the up-and-down motion of the pistons, known as linear motion, 
creates the rotary motion needed to turn the wheels of a car forward.77   
Both diesel engines and gasoline engines convert fuel into energy through a series of 
small explosions [or combustions]. The major difference between diesel and gasoline engines is 
the way these explosions happen. In a gasoline engine, fuel is mixed with air, compressed by 
pistons and ignited by sparks from spark plugs. In a diesel engine, however, the air is 
compressed first, and then the fuel is injected. Because air heats up when it's compressed, the 
fuel ignites. A diesel engine uses a four-stroke combustion cycle just like most gasoline engines. 
The four strokes are an intake stroke in which the intake valve opens up, letting in air and 
moving the piston down, a compression stroke during which the piston moves back up and 
compresses the air, a combustion stroke in which as the piston reaches the top, fuel is injected at 
just the right moment and ignited, forcing the piston back down, and an exhaust stroke where the 
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piston moves back to the top, pushing out the exhaust created from the combustion out of the 
exhaust valve. The diesel engine has no spark plug. It intakes air and compresses it, and then 
injects the fuel directly into the combustion chamber [direct injection]. The heat of the 
compressed air lights the fuel in diesel engines.78 
While biodiesel fuel can be used in any diesel engine vehicle, including passenger  
cars, heavy-duty trucks and farm equipment, without making any modifications to the engine, its 
use must be done with care. The most challenging issue with bio-diesel as a fuel source is the 
quality of the fuel itself. While fuel standards for biodiesel have now been created, they are not 
nearly as stringent as those the United States has for gasoline and even for petroleum diesel. The 
lack of consistent quality among all producers is an issue that has everyone - the biodiesel 
industry, automakers, engine suppliers, consumers and this investigator concerned.79  It is also a 
major driver of the research done for this senior thesis. 
There are several issues of special note that must be dealt with in bio diesel fuel80 with the 
two most important of these being temperature control and clogging. Because biodiesel fuel is 
made with vegetable-based products, the temperature it is stored at is more critical than with 
petroleum diesel. As a result, fueling stations need to treat biodiesel a bit differently than other 
fuels. If it sits in a warm storage tank for too long, it can grow mold, and if it is stored at too cold 
a temperature, it will thicken and become difficult to dispense. These problems typically occur if 
the biodiesel is not used quickly enough. Owners using biodiesel should also watch for signs that 
fuel filters and systems are clogging, particularly when biodiesel is first used. Biodiesel acts as a 
lubricant, which means that it can loosen deposits that are stuck in fuel lines and in the fuel tank, 
which in turn could clog fuel filters, injectors, or other parts of the fuel system.81 
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Since these issues relate only to pure biodiesel fuel, not blends, the risks of using 
biodiesel are significantly less, some even say insignificant, with low biodiesel blends.82 Today, 
most passenger diesel vehicles will remain covered by the manufacturer's warranty if an owner is 
using B5 biodiesel. As biodiesel production standards increase, manufacturers have indicated 
they may warranty vehicles that use up to B20 biodiesel. Where opinions deviate greatly is with 
biodiesel blends that use more than 20 percent or with pure biodiesel. Many manufacturers feel 
that even B100 that has been produced by a reputable manufacturer should not be used in a 
vehicle engine as it would likely result in engine damage. Others feel that it may be possible to 
use B100, without any adverse effects, so long as the quality standards are high. 
Biodiesel is simply a biofuel that can be used as an alternative to diesel fuel and that is 
made from renewable biological sources83. Sources are varied and can include many types of 
grown products such as nuts, soybeans, peanuts, corn, seeds and many vegetables, a variety of 
animals that have animal fats and possibly even algae84. Biodiesel production has attracted a 
great amount of attention since the 1980’s due to its supposedly many environmental and 
economic benefits.85  
The idea behind using biodiesel rather than fossil sources as a fuel, that is using plant oils 
and the like rather than petroleum products, has a remarkably long history. E. Duffy and J. 
Patrick, in 1893, were among the first to postulate the idea of using biological fuels86 and, as 
stated earlier, in that same year, Rudolf Diesel, mentioned earlier, conducted the first test of an 
engine to run on a plant oil based fuel87. Diesel actually tested a variety of vegetable oils as 
potential fuel for the engine that now has his name88. Diesel went on to demonstrate his engine 
working on peanut oil in at the International Exhibition of 1900. Interestingly, Diesel in 1912 
speaking at the Great Britain Technological Institute stated: “…usage of plant oils as fuel for 
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cars may seem insignificant nowadays but such oils, with time may become as important as coal 
and oils products now.”89  
  Interest in biodiesel waned with the development of the ability to derive vast amounts of 
energy from the much less expensive processes related to fossil fuels. With the refining of crude 
oil into fractions, based on the oils processing volatility, came a great many energy rich 
petroleum based products and until just recently rendered biofuels of little interest90. Still, some 
research did occur such as the effort to make thinner plant oil based products that could be used 
as a fuel in the 1930’s and in 1937 G. Chavanne was granted a Belgian patent for an ethyl ester 
of palm oil, which would now likely be considered the direct ancestor to modern biodiesel.91  
  The only time during the first half of the 20th century wherein any significant demand 
and/or usage of biodiesel occurred was during the energy crisis that occurred during and 
immediately after World War II.92  More recently the rise of environmentalism and the 
corresponding energy crisis of the 1970’s and 80’s revived interest in biofuels and renewable 
energy sources.93  
  “Diesel fuel” to be literal is a fuel that is capable of running in a diesel engine. Therefore, 
the chemical definitions for diesel fuels have changed over time as both the diesel engine and oil 
refining techniques have evolved.94 The significant characteristic of a diesel engine, and its fuel 
needs, as opposed to those of other internal combustion engines, is that within a diesel engine 
oxygen is much more highly compressed causing it to heat up and spontaneously react with the 
injected diesel fuel. As a result of this characteristic, suitable biofuels can be used to replace the 
normally more volatile fossil fuels as energy sources.  Biodiesel itself is a mixture of monoalkyl 
esters of fatty acids and are generally produced by the transesterfication of triglycerides95 which 
themselves come from biological sources such as animal fats and vegetable oils.96 The oils from 
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these biological sources are extracted or pressed to produce a crude oil that serves as the 
triglyceride source97.   
 
2. The Chemistry of Biodiesel and the Transesterfication Reaction 
	  
As already noted the production of biodiesel from natural oils is typically accomplished 
by a transesterfication reaction. Transesterfication is the reaction wherein a triglyceride from fat 
or oil, aided by a catalyst, reacts with an alcohol to form esters and glycerol98.  In addition to 
amyl alcohol the alcohols used can include methanol, ethanol, propanol, and butanol99. 
 The general form of the transesterfication reaction, displaying the products and reactants, 
is shown below (see Figure 17).  
 
Figure 17. Transesterfication Reaction 
In this reaction we can see a triglyceride is reacting with an alcohol, in this case methanol, in a 
1:3 ratio to produce glycerol and 3 methyl esters. The methyl esters produced are the biodiesel 
products that must be separated from the glycerolin biodiesel fuel production.100  R groups 
represent the carbon chains on the triglyceride. 
 
The different vegetable oils that may be used in biodiesel production can have different chain 
lengths and saturation states. The boiling and melting points of the resulting fatty acids [methyl 
esters] increase as the number of carbon atoms contained within the R chains increase, and will 
decrease with an increasing number of double bonds.  Several factors, including the type of 
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catalyst, alcohol to oil ratio, temperature and the purity of the reagents, can also have an 
influence on the reaction and final products.101 
 
3. Catalysts 
The commonly used catalysts for transesterfication are either acids or alkalis [bases].103 
Specifically, they are homogenous catalysts that are soluble in the alcohol reactant. 104 The most 
common alkalis are NaOH and KOH along with their corresponding alkoxides; i.e. sodium 
ethoxide.105  There are a number of advantages and disadvantages to either the acid catalyzed or 
base catalyzed mechanism. While it is possible to do the transesterfication reaction without a 
catalyst, the reaction must then be performed under critical conditions, i.e. high temperature 
and/or high pressure, making it much more difficult and/or expensive.  
 
(a) Base Catalysts  
To better understand the transesterfication process the base catalyzed mechanism is 
shown below in Figure 18.  
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Figure 18. Mechanism of Base Catalyzed Transesterfication106 
In the first step of this mechanism the base catalyst reacts with the alcohol removing hydrogen 
from the hydroxyl functional group to form an alkoxide and protonated catalyst [1]. Then the 
carbonyl group of the triglyceride undergoes a nucliophylic attack by the alkoxide that generates 
a tetrahedral intermediate [2]. From the tetrahedral intermediate an alkyl ester and 
corresponding diglyceride anion are formed [3]. The diglyceride anion deprotonates the 
catalyst, thus forming a neutral diglyceride and allowing the catalyst to react with a second 
molecule of alcohol, starting another catalytic cycle. The diglycerides and resulting 
monoglycerides are then converted by the same mechanism to produce a final mixture of alkyl 
esters, i.e. the biodiesel, and glycerol.107 
Alkaline Metal Alkoxides [AMAs], the most active of catalysts, have yields as high as 
98%, have short reaction times [only 30 minutes in some cases], need only a 0.5% molar 
concentration to be effective, and are capable of working at low temperatures and low 
pressures.108  Alkaline Metal Hydroxides [AMHs], on the other hand, are frequently actually used 
as catalysts because of their significant lower cost. Although less active then alkoxides, the 
Hydroxides can give the same conversion rate if a 1-2% molar concentration is used109. They 
have the additional disadvantage, however, of requiring the absence of water.110 In the presence 
of water the saponification reaction shown below in Figure 19 will occur: 
                             
                      Figure 19. Saponification of Fatty Acid Alkyl Esters  
Water hydrolyzes alkyl esters to produce soap. 
 The presence of water [H2O] allows for the hydrolysis of the alkyl ester, producing soap 
in a process known as saponification.111 The production of soap lowers the yield of the esters (i.e. 
biodiesel) and also makes the separation and recovery of glycerol difficult due to the formation 
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of emulsions.112 There is often difficulty in recovering the basic catalyst from the initial reaction 
mixture. Frequently, the most viable way to deal with the presence of a basic catalyst is to 
neutralize it with an acid following the reactions’ completion. Such neutralization can generate a 
great amount of wastewater.  
The fact that the catalyst is not usually recovered from the reaction creates economic and 
environmental issues. Because many oil extracts are naturally acidic, they can result in more base 
being required than first expected [first to neutralize the mixtures and then to act as catalysts]. As 
a byproduct of the neutralization of acid, water is produced in a quantity that depends on the 
initial acidity of the oil. The water formed can result in increased saponification. Despite the 
disadvantages stated, the very high activity rate of the base catalyzed reaction, along with the 
low pressures and temperatures involved in their actions, and the very high yields they generate 
[possibly greater than 98% ], have made this method the most preferred method used for 
commercially produced biodiesel. 
 
(b) Acid Catalysts  
Another method that is sometimes employed in the transesterfication reaction is the acid 
catalyzed method (see Figure 20).  
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               Figure 20. Acid Catalyzed Mechanism of Transesterfication Reaction 113 
This Figure displays the mechanism for an acid catalyzed transesterfication for a mono 
glyceride, however it can be extended to di and tri glycerides by repeating the same process. 
In the acid catalyzed mechanism the carbonyl group of the ester is first protonated from a 
proton that came from the acid catalyst [I]. This protonation results in a carbocation [II]. This 
carbocation will then undergo a nucliophylic attack from the electrons on the oxygen of the 
alcohol to produce a tetrahedral intermediate (III).  The tetrahedral intermediate then eliminates 
glycerol and forms a new ester (IV) that is the biodiesel product, and regenerates the H+ catalyst. 
114 
In the acid catalyzed mechanism, sulfonic and sulfuric acids are preferably used.115 The 
advantages to the acid catalyzed mechanism include the producing of very high yields [greater 
then a 99 % conversion being possible]. However, the acid catalyzed method has several 
significant drawbacks as well; water [H2O] formation is still of concern but to a lesser extent 
than in base catalyzed reactions. 116 Carboxylic acid may be formed by water reacting with the 
carbocation suggesting that the presence of water could result in the competitive formation of 
carboxylic acids. Additionally, the time required for acid catalyzed transesterfication is usually 
much longer, not unusually requiring more than 3 hours to reach completion [and some reactions 
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may require up to 50 hours for completion] even when higher temperatures and pressures are 
used. The very high ratio of alcohol to oil also makes this a less efficient technique and the 
alcohol makes glycerol removal more difficult. On the other hand, as the initial oils extracts are 
naturally acidic, no additional catalyst to compensate for acidity must be added. The oils’ natural 
acidity may even increase the catalytic ability of the acid catalysts used and, by not having to 
neutralize these acids, water is not formed as it is in the base catalyzed mechanism.  
Regardless of the catalytic method used, a stoichiometric molar ratio of at least 3:1, 
alcohol to triglyceride is needed.  In practice, however, the ratio needs to be higher [more 
alcohol] to drive the reaction to completion.117  
         
(c) Solid State Catalysts 
There are currently many problems with the standard process for producing biodiesel 
fuel. Amongst them are [1] the generation of massive amounts of wastewater needed to remove 
the usually used basic catalyst and [2] the soap formation that results using the same process.118 
Additionally, the currently preferred method of production, renders the base catalyst required to 
become more or less unrecoverable. Actually, the current method requires the addition of acid or 
base to the final product, corresponding to the use of a basic or acidic catalyst respectively,119 to 
neutralize the produced biodiesel product. This requirement gives both economic and 
environmental drawbacks to the commercial production of biofuel. To address some of the above 
issues chemists have begun research into the possibility of using a heterogeneous solid state 
transesterfication catalyst to replace the current homogeneous ones. 120 
In recent decades a very wide range of chemicals have been proposed and studied as solid 
state catalysts.  A small sample of these include calcined sodium silicate,121 Na/NaOH/γ-Al2O3,122 
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zeolites, metal catalysts, KF/Al2O3, KF/Eu2O3,SO42-, vanadyle phosphate, inorganic metal ions, 
biological enzymes and even calcified egg shells.123 Although a large number of compounds have 
been used they can typically be classified as basic, acidic or biological [enzymatic] in nature.124 
Each of these types or classes of catalyst has advantages and disadvantages, and while each class 
may represent a broad range of compounds, some general conclusions can be drawn about each 
class. 
 Solid base compounds, like their homogeneous counterparts, seem to offer advantages 
over solid acidic compounds, as they have higher catalytic activity and result in a faster reaction 
rate.125 They are, however, vulnerable to deactivation by free fatty acids [often present in the 
vegetable oil used as a substrate], sometimes sensitive to water126 and requiring of the extreme 
conditions of both high temperature and high pressures to work effectively.127  
Solid acid compounds, on the other hand, are insensitive to both free fatty acids and 
water, but require even higher temperatures for effectiveness and also often the use of more 
catalyst [loading].128 
Biological catalysts such as enzymes can be classified as homogeneous, heterogeneous or as a 
totally separate class of their own. There have been mixed reviews as to the production success 
rates with their use. High catalytic specificity and an ability to function at near ambient 
conditions are favorable traits129 of these catalysts but they are quite expensive130 and they have a 
number of other drawbacks traditionally associated with proteins [as they typically are] i.e. pH 
sensitivity, temperature sensitivity, difficulties isolating them from a biological source and their 
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(d) Alkaline Earth Metal Oxides and Metal Hydroxides 
  Two groups of molecules that are now of considerable interest for use as solid state 
catalysts are metal oxides and metal hydroxides. This includes both alkaline earth metals and 
transition metals. Alkaline earth metal oxides can act as solid basic metal catalysts.132 There have 
been numerous studies devoted to researching the catalytic ability of various alkaline earth metal 
oxides 133 including MgO, CaO, SrO and BaO.134 Because these molecules have a significant 
charge distribution, as well as free electrons to act as a base on the oxygen, it is quite logical that 
they should be considered when looking for suitable replacement catalysts.  It has been found 
that these compounds can successfully serve as heterogeneous transesterfication catalysts and an 
over 99% reaction yield has been recorded using them.135  Additionally, the alkaline earth metal 
oxides are relatively easy to make and are also quite stable, both qualities making them even 
more useful as catalysts.  While not all metal oxide compounds would traditionally be classified 
as solid state catalysts due to their solubility in water, it is important to note that it is their 
solubility in methanol, which is lower, that is of concern for the reactions in question136.  The 
currently proposed mechanism for how a transition metal oxide, in this example CaO, catalyzes a 
reaction is shown in Figure 21.137 
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Figure 21. Transition Metal Oxides As Catalysts 
 
In this mechanism it is proposed that the CaO first reacts with the alcohol to produces an 
alkoxide and protonated catalyst. The carboneale group on the triglyceride then undergoes to a 
nucliophylic attack from the alkoxide and forms a tetrahedral intermediate. The alkyl ester 
breaks off to form an anionic diglyceride allowing the diglyceride to deprotonate the catalyst. 
The catalyst is now free to form a new alkoxide and the process is repeated on the diglyceride 
and again on the subsequent monoglycerides, eventually removing all of the fatty acids. 138 
 
The key factor in the catalytic reaction shown above is that the CaO, has a relatively 
strong base sight, and is therefore able to facilitate separation of the alcohol into RO- and H+.139 
Using the above mechanism as a basis we can examine why other metal oxides are also 
able to catalyze the reaction. Many metal oxides such as CuO have active basic sites allowing 
them to follow this same proposed mechanism.  It is also beneficially the case that most 
transition metal oxides have low solubility and that there are many metallic oxides to choose 
from. Each of them likely has chemistry, which varies a bit from each other. A significant factor 
worth noting is that many metal oxides will have both acidic and basic sites on them, while 
others may act as pure acids. Because of this a different mechanism of catalysis is likely to occur 
for these two types of metal oxides. As acidic compounds are capable of performing the 
transesterfication reaction, their potential as solid state catalysts are equally valid. Furthermore 
the presence of both acidic and basic sites on a single catalyst could even prove advantageous. 
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Because of this, the number of metal oxides as potential solid state catalysts is not significantly 
limited.  Worth noting is that it is common for metal oxides to be “doped,” or used as a mixed 
metal oxide, to increase their catalytic behavior. 140 
     Metal hydroxides are able to act in a manner similar to the basic oxides and can, therefore, 
also serve as solid state catalysts as well, provided that they are insoluble in the reaction mixture. 
Evidence of this can be seen in the similar behavior and catalytic activity of Ba (OH) 2 and Ca 
(OH) 2. 141 
                                      
4. Determination of Biodiesel Quality 
                                     
Once biodiesel has been produced and prior to it being used as a fuel source it must be tested to 
ensure it meets certain standards of acceptability. A variety of tests can be performed on 
biodiesel to determine its quality and typically numbers of them are done with gas 
chromatography [GC]. In an average sample of biodiesel the most important factors determining 
whether or not it is of commercial grade are it’s free and total glycerol content.  These two 
parameters indicate how completely the necessary transesterfication reaction has been and are 
extremely important to users of the biodiesel; because, high glycerol content can be devastating 
to any engine within which it is used as a fuel. Glycerol is highly polar, a feature which makes it 
quite viscous and gel-like. Over time glycerol forms deposits inside engines, gums them up, and 
ultimately can cause them to break. While gas chromatography is typically used to test for the 
glycerol content alternate methods have been proposed. The only widely accepted test in the 
United States for determining the free and total glycerol content of biodiesel is the American 
Society for Testing and Materials’ [ASTM] test D 6584-00 and it does use a GC. Currently, 
sending a sample of biodiesel to an official facility for a full ASTM testing workup will cost 
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about $2000. Additionally, as several samples of biodiesel are usually required, even from a 
single batch, for valid testing, the actual expense is typically greater. This expense alone, 
frequently, makes it cost prohibitive to start even a small scale biodiesel processing plant such as 
ones that can be beneficial in remote or more rural communities that would like to use their own 
readily available plant matter for energy. Low quality biodiesel can be quite hazardous to 
engines and the mere threat of breaking a $200,000 tractor can prevent “home –brewed” 
biodiesel’s adoption.  
A major goal of this research project was to establish an economically feasible facility for 
biodiesel testing.  The costs currently required to test our own James Madison University [JMU] 
small batch biodiesel products has been almost prohibitive to the expansion of the biodiesel 
alternative fuel program, my project included. In an attempt to remedy this situation, the ability 
to test for free and total glycerol, the two most important biodiesel quality tests, at JMU, was 
made a major part of the research in this project. To understand the testing requirement and the 
necessary “standard equipment” to replicate or approximate an ASTM biodiesel free and total 
glycerin test protocol, one must first fully examine and understand exactly how a gas 
chromatogram [GC] works. The following diagram provides a basic outline of how a typical GC 
works (see Figure 22).  
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Figure 22: Gas Chromatography Laboratory Setup142 
GCs are chromatographic devices that are useful for separating and identifying the 
various components in a mixture. In AGC analytes are moved through a column by a gaseous 
mobile phase, which is also known as the carrier gas.143 To work properly it is crucial that the 
mobile phase gas be chemically inert. Although helium is the most commonly used mobile phase 
gas, hydrogen is also frequently used. Less frequently, argon or nitrogen is chosen for the carrier 
work.144  A sample is first placed into the injector of the column. The injector then helps properly 
deposit the sample into the column. The column type generally used is a wall coated, open, 
tubular column. In this type of column there is a thin film that coats the interior wall of the 
column, making the stationary phase. The column itself is typically only .25 to .53 mm in 
diameter. The column is housed in a variable temperature oven that helps with the necessary 
vaporization of the sample. In the column, the sample’s components will exist in an equilibrium 
between the mobile phase and stationary phase with the equilibrium also depending upon the 
volatility of the analyte.  Typically, in this situation, a more volatile sample compound will spend 
more time in the mobile phase, and a more polar, and therefore less volatile, compound, will be 
more strongly retained by the column.  As the analytes travel through the column they become 
	  
	   47	  
separated based upon their different equalibria. The column itself is often quite long so as to 
facilitate adequate separation; sizes typically ranging from 15 to 30 meters.  Both shorter, and 
much longer, columns are available to accommodate the needs of the sample to be measured.  
As the analytes elude out of the end of the column they must be detected. A flame 
ionization detector, or FID, accomplishes this task and is employed to detect and measure the 
biodiesel. A schematic of a FID is shown below in Figure 23.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 23. Diagram of a Flame Ionization Detector  
The eluent enters from the end of the column into the FID where a hydrogen flame exists. 
In the hydrogen flame organic compounds will pyrolize and form electrons and ions.145 These 
charged particles can then be measured by the current they produce.  The current forms because 
a small voltage of a few hundredths of a volt is applied between the tip of the burner and an 
electrode above the flame. The breakdown of the original compound makes this a destructive 
detection technique. The current produced is proportional to the amount of initial carbon in the 
sample. As a result, the apparatus is categorized as a mass sensing detector rather than a 
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II.  Experimental Method Development  
A. Method Progression  
The development of the methods and the progression of the project will now be 
explained.  As I was the sole chemist in the ISAT alternative fuel group, deciding on the proper 
procedures and methodology took the most of my time and energy. The initial step in the project 
consisted of determining exactly what my project should, or could, include, and precisely how to 
reasonably manage its scope. By attempting an interdepartmental thesis it meant that I would 
necessarily need to learn not only the different departmental resources, but also and what would 
actually, rather than just feasibly, be made available to the project and at my disposal.  
It had been decided that I physically be set up in the Alternative Fuel Vehicle Laboratory 
[AFVL] which, in actuality, is for the most part a mechanic’s workshop rather than a chemists’ 
laboratory. So, from the start there was no traditional laboratory or for that matter even a fume 
hood to work with.  
Initially, my professor and mentor, Dr. Bachmann, was most interested in developing a 
continuous flow processor for biodiesel production and this was very exciting to me as well. 
Thus, in the first phase of my research experience I had two main focuses; the first was to gain 
in-depth knowledge of biofuels by extensively reviewing the literature, visiting sites and 
conducting chemical research and experimentation. I became deeply familiar with the 
transesterfication reaction and biodiesel production. The second focus was necessarily to become 
what is called, “Level 3 Certified” in the Mechanics Laboratory[ i.e. warehouse] , so that I would 
be allowed to use and come to better understand the physical considerations that had to be 
considered in the design of the continuous flow reactor. Level 3 certification is the highest level 
obtainable, as a student researcher at JMU, and it meant that I had to know how all the small 
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tools worked, how the heavy machinery [such as metal cutting saws] worked, and also how the 
different cutting torches worked. Additionally, it meant that I had to become proficient with 
MIG, TIG and acetylene welding torches.   
Once certification was successfully accomplished, we attempted experiments with several 
small batches of substrate to produce biodiesel and to become familiar with the actual reactions 
involved.  We enthusiastically met the numerous challenges of having only a makeshift lab. I 
learned a great deal about innovation and overcoming frustration. We even had to fit out the 
exhaust pipes to be used as a fume hood in our best effort to create a safe laboratory setting.  I 
frequently tried to reach into the Chemistry Department for available resources but, at the time, 
there were actually very few to spare.  
  It became clear with time that some challenges would be greater than others.  A major 
one was that there were significant steric effects involving the alcohol being used. There were 
very significant differences observed even between the methanol and the ethanol being used. 
Additionally, I learned that methanol does not form the same aziotrope with water that ethanol 
does, and theorized that this was also a key factor causing some difficulties we were 
encountering as water impurities can cause the saponification reaction described earlier. 
Familiarization with the reaction led to it becoming clearer to me that the biggest factor 
inhibiting the production of a continuous flow reactor was the production of glycerol. Glycerol 
production was commonly and inadequately dealt with by letting it settle out of the biodiesel; 
that is, by using a simple physical separation [pouring out the glycerol or decanting the 
biodiesel.] Seeing this issue repeatedly causing problems prompted me to propose that we try to 
produce a distillation reaction. The higher temperature used in such reactions were heavily 
favored in the many papers I had reviewed, the reaction rate appeared to be drastically reduced, 
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and I believed  the biodiesel could more easily be separated from the glycerol with this 
technique. Also, if we chose this path the glycerol distillate layer itself could be used to meet 
some of the energy requirements of the heat source. Some members of the group were against 
the idea of energy input as it can be considered to be a less environmentally sound and 
economically friendly method. I attempted to point out that chemically, the reaction probably 
needed the energy or could at the least use the energy to be pushed to completion and that the 
likely resulting vastly increased reaction rate would allow for production amounts that would 
offset energy cost. I reasoned that the technology needed to perform the reaction under these 
conditions was available and the needed infrastructure already created, so we could also be 
increasing our potential for success. This debate was a reflection of our different backgrounds 
and was one of the first attempts we had to “speak each others scientific language.”  
It was my belief that the reaction we were attempting could be improved by the means of 
using a solid state [and therefore recoverable] heterogeneous catalyst as opposed to the 
unrecoverable homogeneous one that currently dominates production. This option was an area of 
current research. As the transesterfication reaction is already a two phase reaction, being 
composed of an oil and an alcohol, adding a heterogeneous catalyst would ordinarily have 
limited success because it would then make up a third phase, and all three phases would need to 
be in contact simultaneously for the appropriate reaction to proceed.  Recognizing this difficulty, 
I proposed that we embed a heterogeneous catalyst onto a static mixer so that the three phases 
would all be brought into contact and therefore effectively solve the issue. I reasoned that this 
would not only be effective but also could be efficient and used in current small batch systems 
[such as our own] and/or have the potential to be developed for a continuous flow process. In 
either case, I felt it would increase the feasibility of biodiesel production, the reaction becomes 
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simpler to perform, and the reaction is both economically and environmentally more friendly 
than the ones currently being used [and in which the catalyst is not recoverable]. Dr. Bachmann 
took note and suggested we change the project to focus on the idea.   
Extensive research now had to be applied to this new direction. I decided to focus my 
initial attention to looking for compounds with excess electrons, which could function as bases, 
while having minimum solubility, and having chemical properties that could also enable them to 
become embedded onto a surface. I recognized that practically speaking we also would need the 
compounds chosen for examination to be cost effective and relatively available. The most 
promising compounds I found were metal oxides and hydroxides. The electron density on the 
oxygen[s] serve well as Lewis base in many cases and many of these compounds had minimal 
solubility. Many metal oxides may have acidic sites in addition to their basic sites, or be purely 
acidic in nature. In any of these scenarios they can potentially perform as transesterfication 
catalysts.  Additionally, some of these compounds were, uncharacteristically, readily available to 
me, and others such as iron and magnesium oxide could easily be made. As most of these 
compounds had minimal solubility in water, I inferred that this would also be the case in the less 
polar methanol, and that this was as easily testable. Also I knew that metal oxides traditionally 
have quite high melting and vaporization points. I considered this important because many 
transesterfication reactions are performed under intense heat and I did not want to limit the 
ability to do so. Additionally, I felt that the high melting points would allow the material to be 
incorporated into/onto aluminum [or other metal]. Mixing could  occur by melting the top layer 
with a torch and adding it to the molten metal, or by mixing it with clay and firing it in a kiln. 
With help from the Department of Chemistry appropriate and necessary chemicals for further 
experiments were obtained. Magnesium was obtained from pure samples of magnesium oxide. It 
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was produced from the metal itself. As the temperature for magnesium ignition is relatively high 
at 473C, and there was neither a traditional laboratory facility or laboratory high heat generation 
source available, a creative solution was employed to ignite the magnesium. After a few 
unsuccessful attempts at ignition, it was found that by placing a small pile of magnesium on a 
steel table, and then heating the table from below with an acetylene torch, the ignition process 
could be initiated. The reaction so started actually became hot enough to produce a small 
secondary thermite reaction wherein the magnesium oxide reacted with small amounts of iron 
from the welding table to produce iron (III) oxide. I considered this a possibly acceptable 
impurity as iron oxide was a potential catalyst and there was some literature to support mixing 
more than one metal to the oxides to boost their catalytic activity.  
The next challenge was determining what the appropriate testing conditions should be. I 
found that most of the literature supported using both high temperature and high pressure 
conditions. Despite this, the research group decided to test the suggested materials under ambient 
conditions to reduce energy input. Niobium oxide, cobalt oxide, calcium oxide, copper II oxide, 
lead dioxide, manganese dioxide, magnesium hydroxide and barium hydroxide were all tested 
for their catalytic potential. Methanol, vegetable oil and the potential catalysts were mixed 
together and stirred overnight at room temperature and pressure. It was found that under ambient 
conditions barium hydroxide successfully catalyzed the transesterfication reaction. 
During this period of time it became very apparent that a method for testing the success 
of the catalysts would definitely be needed. Specifically, we would need to determine the amount 
of glycerol there was in solution. I examined the issue and suggested the possibility of using a 
spectroscopic means to measure the concentration of glycerol. The advantages to this method I 
believed, would include reducing the operating time and having a faster sample measurement 
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time as compared with the more traditional method of using a GC. GC testing however, is 
currently required by the ASTM and is thus the only way to ensure commercial grade biodiesel. 
Because of the significance of complying with ASTM protocols and the very high sensitivity and 
reproducibility of a GC it was easily decided that they were the preferable instrumentation.  
I had fully examined the ASTM methods which gave me some initial apprehension about 
attempting to replicate them on campus. I had run GCs before, but had never attempted to either 
set one up from scratch or to maintain one. Recognizing that I was the sole chemistry major in 
our group, and that it was unlikely that Chemistry Department faculty would routinely going to 
be available, it seemed obvious that this testing would fall to me and that it was going to be a 
challenge. Furthermore, after examining the ASTM protocols even more closely, I learned that 
both a derivatization reaction and other unusual conditions might be met and special equipment, 
such as a high temperature column to run the sample, would be required. I now had to determine 
what materials would be required to meet actual ASTM standards, including both chemicals, and 
equipment, what column would be needed, and most importantly what GC availability and 
ability, did we have and would we need.  
 
The only GC available in ISAT was an SRI 8610. A picture of this instrument is shown 
below (see Figure 24).  
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Figure 24. Image of SRI 8610147 
With the help of SRI technical support, and the identifying features of its knobs, we were 
able to classify our GC as a 1980s era machine. Specifically, it was an 8610-B. Although quite 
old by state-of-the-art laboratory standards, some advantages to the machine were discovered 
when I assessed it. Firstly, it had its own built-in FID, which was very important as an FID was 
specified as necessary in the ASTM procedure standard. The 8610-B  also had its own air 
compressor which meant (1)that it would require no external air tank for the FID to function, 
and(2) that the flow rates during experiments could be easily controlled. One less tank of gas to 
manage was also favorable. Additionally, the GC was also already more or less set up and had its 
own computer which was running easy to control “peak sample” software. Unfortunately, when 
tested, the oven within the GC could only reach a maximum temperature of 250 C. As the 
procedure we were expected to perform required a temperature maximum of 380C, I understood 
immediately that this could be a significant problem. A low temperature would not only mean 
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that the samples’ retention time would increase and its resolution decrease, but also that the 
heavier molecules in the sample would likely never vaporize, giving it an infinite retention time 
and could result in clogging the column and damaging it.  After some time, and much discussion 
with both professors and tech support, it was determined that there was no safe way in which we 
would be able to increase the temperature within the oven and that a new one would therefore 
need to be found if appropriate experiments were to be completed successfully. 
At this point it was necessary to again then turn to the Chemistry Department for some 
help and support. Dr. Foust graciously agreed to provide the research team with a different GC 
that he knew of and believed was currently in storage. Once located and examined we found that 
this GC also had some issues. As time had passed while we attempted to deal with the prior 
issues described I knew we would need rapid resolution if we were ever to get our experiments 
completed. An issue immediately noted and of concern was that this GC had most recently been 
used as a source for parts and would therefore likely need not just careful inspection but also the 
ability to have any missing parts replaced prior to its use. Thanks to Dr. Ralston, Dr. Downey 
and the Department of Chemistry we did received the rather intact GC shortly after our meeting 
with Dr. Faust and we situated it as best possible in the ISAT environmental laboratory.  A few 
major and also many minor hurdles were then overcome as I learned about the significant 
differences between how an instrument supposedly runs [i.e. the principles that we learn about in 
class], and the actual intricate details of keeping a well calibrated expensive piece of laboratory 
equipment up and running. Numerous items needed to be properly and constantly addressed to 
ensure that the equipment would function well in a critical high temperature experiment.  
   One of the first issues that needed addressing was that this GC required tanks of the gases 
hydrogen, helium and oxygen to perform the required ASTM tests.  These gases not only needed 
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to be obtained, but also needed to be stored and approved for our use in the ISAT lab where we 
planned to run our experiments. In short official clearance was needed to be able to set up and 
use these gases.  This was most notably true for the hydrogen.  The clearances were obtained. 
Next, I discovered that there were some small holes in the GC equipment. Staff advised 
me that to properly patch and repair the holes I would need to find some high-temperature 
insulation. I also soon came to learn that the holes seen were vestigial and from prior 
instrumentation and that there might well be others I had not yet discovered.  Fiberglass 
insulation was ultimately deemed to be sufficient for our patching purposes. The only feasible 
alternative to fiberglass insulation was hard to locate rock wool. 
Perhaps the greatest challenge came next when I needed to enable the donated GC to 
“speak” to modern computers. This required locating a Data Acquisition Card, a 82341C HP-IB 
card and a cable capable of first carrying an analogy signal out of the GC and then interfacing it 
to a modern computer.  Software, capable of allowing the computer and the GC to “talk,” was 
obviously also required. Obtaining appropriate software was truly a considerable task as the GC 
actually had originally used, and was meant to use, software on old floppy discs [the kind that 
actually were floppy]. The floppy discs were unreadable by any other equipment that we would 
necessarily be using.  Attempts were made to circumvent this issue by using the current peak 
sample software that was readily available from the SRI Instrumentation. It  was not compatible. 
Because modern programs cost hundreds, if not thousands, of dollars, and no program we knew 
of was actually guaranteed to work for us, we again were faced with a serious problem that could 
stop the project in its tracks. It was decided to again examine the old Agelent software to 
determine if we could somehow manage to enable its’ function.  With numerous hours of 
Agelent’s technical support, the endless help of ISAT’s technical support, and most importantly 
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Dr. Ralston’s great help, the software was coaxed to install and recognize the 5890-B on a 
modern computer.   
Little did I know at this point that my technical support hours had just started to accrue.  
There was next the repeated need for the required gasses to be properly attached to our 
apparatus, used, and then detached, over and over again, though out the different stages of the 
experimental research. This was a repetitive and lengthy process that frequently included the 
cutting of wires, installing of ferrules, installing and calibrating of pressure gages and performing 
a variety of leak tests.  
Throughout the experimentation, items that had not been considered “necessary” earlier 
were frequently found to be “required” immediately. This meant that I needed to maintain a 
constant high level of attention to all the details surrounding the ASTM protocols and our 
experiments, have a willingness to immediately adapt and be flexible, and simultaneously 
attempt to ensure the quality of the experimentation. On one occasion, for example, a particularly 
faulty igniter had to be rapidly removed and replaced. Another example occurred as I had to 
quickly take the lead on several heat related issues and  help manage a research experiment at 
high temperatures.  Some other unique challenges also needed my attention and chemistry 
background, such as when installing the specific column. It was then discovered that special 
graphite ferrules were required to make a temperature resistant and airtight seal between the 
column, the injector, and the detector. Another time, I realized that if when running our 
experiments at high temperatures, oxygen or moisture managed to get inside the column, it [they] 
would probably oxidize the stationary phase of the reaction and ultimately ruin the column (this 
meant rapidly ordering and installing Agelent water and oxygen traps to remedy/prevent this 
possibility). The installation, however, was no simple matter and required that the helium gas 
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tank be safely disconnected, and then reconnected, before we could proceed (and there is a 
protocol to be learned for everything).       
     
B. Experimental Technique  
At a quite late date those of us involved with the numerous repair jobs learned together 
that the we in fact had a GC with a split liner and split-splitless injector, rather than a cool on 
column one, like that which had been specified in the ASTM procedures.  A cool on column 
injector is a very different but straightforward device. This device is shown in Figure 25.  
                                                     
Figure 25. Diagram of a Cool On Column Injector 
With an on column injector, the inlet guides the injection needle so that it deposits a 
sample directly into the column itself. This is useful for our specific experiments that involved 
the very high boiling temperatures of glycerol in biodiesel. These temperatures can in fact be so 
high that derivatization is required prior to injection. A diagram of the injection technique is 
shown below in Figure 26. 
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                   Figure 26. Diagram of split injector when injection is being performed  
In a split-splitless injector the liner used determines if the injector operates in split or 
splitless mode. The liner that we had installed was split. In a split injection the sample is heated 
at the inlet. Gas flows through the liner chamber and removes about 98% of the sample.148 Our 
split liner itself contained a small amount of glass wool upon which compounds with high 
boiling points were theoretically supposed to condense so that they would not clog the column 
during an experimental run. Unfortunately, this also this meant that accurate measurements of 
the glycerol content could not be made as much of it would either condense on to the glass wool 
or be removed through the split vent.  Generally speaking, this also meant that the more volatile 
compounds would enter the column in disproportionately greater amounts than planned.  I 
initially attempted to remedy this deficiency by finding a replacement direct on column.   This 
did not result in success, but after considerable research into the matter, I proposed a new method 
that I believed would allow us to continue making some forward progress with our research 
experimentation: a linear detection response seemed possible to obtain by using a splitless 
injection as shown in Figure 27. 
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Figure 27. Diagram of Splitless Injection Technique 
Splitless injection is similar to split injection, the difference being that there is no gas carrying 
off the majority of the sample that has been injected in the liner. The liner that I ultimately 
decided to use was a deactivated glass liner with a chamber having sufficient volume to support 
the expansion of the biodiesel as a gas, and that was tapered at its distal end so that none (or at 
the worst an insignificant amount) of any sample with high boiling points would get trapped (at 
the small area where the column is fed up into the liner). The liner I selected also specifically 
lacked any sort of glass filter upon which the sample could condense and cause measurement 
error. The inlet itself was to be set at 390 C, chosen as 390 degrees should be at least 10 degrees 
higher than the highest potential boiling point of compounds in the biodiesel. During the 
injection, the column itself was to be at 50 C, and therefore in accordance with ASTM 
methodology. It was hoped that the biodiesel sample would first vaporize and then condense 
onto the column head. High temperature septa were also required so as to reduce septa-bleed 
during the procedure that could in turn cause erroneous peaks and clog the column.  Once the 
installation of the liner was complete, the column was reattached and leak tests were performed.  
Next, flow rates were established and, as the machine operated under constant pressure 
rather than constant flow, flow tests were required for the carrier gas, the auxiliary gas, the 
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hydrogen, the compressed oxygen and the split and the purge vents. The late discovery of a leak 
in the purge vent further complicated the process but is being managed.  
Flow rates were next established at 50C in accordance with the ASTM protocol. 
However, in a constant flow device, the flow rate decreases substantially as temperatures 
increase, so the flows were at times difficult to maintain. At the maximum operating temperature 
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III. Results  
The following potential metal oxide and metal hydroxide catalysts were tested for their 
ambient catalytic activity: magnesium hydroxide, manganese dioxide, lead dioxide, copper (II) 
oxide, calcium hydroxide, cobalt oxide, niobium oxide, and barium hydroxide. A photograph of 
these reaction mixtures is displayed in Figure 28. 
 
Figure 28. Image of Reaction Mixtures 
The reaction mixtures were prepared the previous night. Solutions labeled from left to 
right are niobium oxide, cobalt oxide, calcium oxide, copper II oxide, lead dioxide, manganese 
dioxide, magnesium hydroxide and barium hydroxide. On the far right are the two control KOH 
catalyzed reactions.  
Of the potential catalysts tested only barium hydroxide was observed successfully 
completing the transesterfication reaction. The barium, glycerol and biodiesel produced in this 
transesterfication reaction were successfully separated by centrifuging the product mixture. An 
image of the successfully completed reaction components is shown below (see Figure 29). 
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Figure 29. Image of Completed Reaction Components 
In this picture the successful production of biodiesel can be seen. The tubes on either side 
were control reactions in which the biodiesel was produced using traditional KOH dissolved in 
methanol as the catalyst: biodiesel can be seen on the top of each tube with the denser glycerol 
layer underneath. The glycerol is lightly dyed. The products of the barium hydroxide catalyzed 
method can be seen in the center tube: a layer of biodiesel is on top, followed by a layer of 
barium hydroxide and then glycerin. Product mixtures were centrifuged following their 
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IV. Discussion 
 Future work should be performed to determine if there was even minimal solubility of the 
barium hydroxide within the reaction mixture. If this did occur it might well be inconsequential 
and an extremely small result of the surface binding method. Currently research is being 
performed attempting to coat various substances with barium hydroxide for subsequent use as a 
solid-state catalyst. In the current method the barium hydroxide is dissolved into water, in which 
it is sparingly soluble, and then precipitated onto the surface of a material. Although coating 
attempts have occurred using a variety of materials, including plastics, wood and glass, there 
have been no positive results in which the barium hydroxide has remained firmly attached to the 
template. 
 As of the writing of this thesis, the state of testing samples and experimentation by GC is 
as follows: The GC currently communicates with and can be controlled by the computer 
program. The column is installed and has been conditioned for running at high temperatures.  
Hydrogen, helium and oxygen tanks have been attached to the column and all of their 
connections are currently sealed and leak-free. Helium is being used as both the carrier gas and 
the auxiliary gas in both the GC and the FID because with potential leaking being an ongoing 
risk a Helium system was considered a safer set up than a hydrogen one. The column has a high 
temperature septa installed and there is a functional splitless deactivated glass liner with no glass 
wool or similar filter installed.  Flow tests have been performed on all gasses, at the FID outlet, 
the split and the purge vents. The purge vent currently is believed to have a small leak and 
requires replacement. Once this leak is eliminated reproducible samples should be achievable. 
All the required chemicals and reactants needed to test biodiesel in accordance with ASTM 
protocols, including the MSTFA derivatization silylating reagent, have been obtained. 
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V.  Conclusion 
An interdisciplinary research project brings unique challenges of personnel, equipment, 
and philosophy that must be successfully navigated for forward progress is to be made. Although 
the challenges in this project were largely met, they were greatly under estimated at the projects 
onset and have repeatedly caused delay and reassessment . They have also brought creative 
thought, the deep learning of the benefits of perseverance, and as strong measure of humility. 
New procedures and an invention have been proposed that could improve the biodiesel 
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